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The Gravitational Wave (GW) event GW 170817 was generated by the coalescence of two neutron stars (NS) and produced an electromagnetic transient, labelled AT 2017gfo, that was target of a massive observational campaign. Polarimetry, a powerful diagnostic tool for probing the geometry and emission processes of unresolved sources, was obtained for this event.
The observed linear polarization was consistent with being mostly induced by intervening dust, suggesting that the intrinsic emission was weakly polarized (P < 0.4 − 0.5%). In this paper, we present and discuss a detailed analysis of the linear polarization expected from a merging NS binary system by means of 3D Monte Carlo radiative transfer simulations assuming a range of possible configurations, wavelengths, epochs and viewing angles. We find that polarization originates from the non-homogeneous opacity distribution within the ejecta and can reach levels of P ∼ 1% at early times (1−2 days after the merger) and in the optical R band. Smaller polarization signals are expected at later epochs and/or different wavelengths. From the viewing-angle dependence of the polarimetric signal, we constrain the observer orientation of AT 2017gfo within ∼ 65
• from the polar direction. The detection of non-zero polarization in future events will unambiguously reveal the presence of a lanthanide-free ejecta component and unveil its spatial and angular distribution.
The discovery of GW 170817 1 and its electromagnetic counterpart AT 2017gfo has definitely been an epochal event. It was generated by the merging of two NSs and produced a transient electromagnetic source, dubbed "kilonova" or "macronova" (hereafter referred to as kilonova). This transient event was intensively followed with all the main ground-based and space-borne facilities 2 , thus allowing us to study the evolution of the kilonova and later of the afterglow of the GammaRay Burst GRB 170817A 3, 4 . The optical/near-infrared observations were carried out by several teams [5] [6] [7] [8] [9] and delivered an almost continuous spectro-photometric and polarimetric coverage of the kilonova for about a couple of weeks since discovery. Some of the main observables for this category of sources were predicted a long time ago and the general agreement with the observational results is truly remarkable [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Nevertheless, several details -like ejecta mass, velocity, composition and distribution -are still unclear despite them being crucial to e.g. turn the GW detection into true rates, allow a comparison of kilonova detection limits from optical and infrared surveys with GW data and compare the heavy-element yields with cosmic abundances. It is therefore of paramount importance to identify new observational diagnostics able to give complementary information.
Among these, optical and near-infrared polarimetry is of great interest since it can be sensitive to the intrinsic geometry of the source, the composition of the emitting region material, and their dynamical evolution. Some of these properties are not easily constrained by the analysis of (current) ordinary light curves and spectra. On the other hand, apart from a few general considerations 20, 21 , there are no detailed and quantitative published studies describing the expected linear polarization signatures from a kilonova produced by the merging of a NS binary system. In this paper, we first discuss the theoretical scenario adopted to model the kilonova evolution from about 1 day to roughly a week after the GW event. We then present linear polarization predictions for different wavelengths and observer orientations, and discuss the role played by several factors that cannot be unambiguously determined from other observations, such as the geometry and the opening angles of the adopted ejecta components. Finally, we provide some guidelines to drive future polarimetric observations of kilonovae, with or without accompanying GW data. A more detailed description of the adopted models, radiative transfer simulations and results is given in the Methods.
Kilonova models
Both the outcomes of simulations [22] [23] [24] [25] [26] [27] [28] [29] and the analysis of the spectro-photometric observations of AT 2017gfo 7, 8 suggest that kilonovae can be interpreted as the combination of two ejecta constituents: a first component distributed around the equatorial plane, characterized by high opacities of lanthanide elements (lanthanides are a subclass of r−process elements characterized by atomic number 57 ≤ Z ≤ 71) and giving rise to a "faint-and-red" kilonova, and a second component in the polar regions, characterized by relatively lower opacities and producing a "bright-and-blue" kilonova. Motivated by these considerations, we construct a two-component ejecta model where (i) high-opacity lanthanide-rich materials are distributed close to the equatorial plane while (ii)
lanthanide-free materials with lower opacities occupy regions at higher latitudes (see Fig. 1 ). Despite the general agreement between the two-component model and AT 2017gfo light curves and spectra, we note that current models 22, 24, 27, 30 struggle to reproduce the high velocities of the blue component and the high masses of the red component inferred for AT 2017gfo 7, 8, [31] [32] [33] . However, the general polarization behaviours predicted in this work (such as the viewing angle, wavelength and time dependence of the signal) are expected to hold with using a different and/or more sophisticated kilonova scenario.
We construct our fiducial model following suggestions from both hydrodynamical simulations and the analysis of the spectro-photometric data of AT 2017gfo 7, 8, [22] [23] [24] [25] [26] [27] [28] [29] [31] [32] [33] . Specifically, we adopt spherical ejecta with an half-opening angle of Φ = 30
• for the lanthanide-rich region, set the whole ejecta mass between v in = 0.05 c and v out = 0.3 c to M ej = 0.03 M and use a power-
, where the density at v in is ρ in = 1.2 × 10
.
We place the photospheric surface at v ph = 0.15 c, which at 1.5 days from the merger corresponds to a photospheric density of ρ ph = 5.6 × 10 , we calculate polarization levels for our fiducial model at different epochs and wavelengths. Photon packets are created unpolarized at v ph , emitted assuming constant surface bright-ness and propagated throughout the whole ejecta where they can be either polarized by Thomson (electron) scattering or depolarized by bound-bound line interactions. Electron scattering and wavelength-dependent bound-bound opacities are taken from numerical simulations 15, 19 , and their time-dependence taken into account to investigate the polarization at different epochs (see Methods -Opacity calculations for lanthanide-rich and lanthanide-free ejecta for further details). Photon packets escaping the ejecta are collected and used to calculate continuum polarization signals at different viewing angles θ obs , where cos θ obs = 0 corresponds to an observer in the equatorial plane.
Polarization
Results of the polarimetric campaign devoted to AT 2017gfo are reported in 5 . Observations at five epochs, from about 1.5 days to almost 10 days, were secured. A linear polarization of P = (0.50 ± 0.07)% was measured during the first epoch, while stringent upper limits were placed on the following epochs, all consistent with the former measurement. The observed polarization level was consistent with that shown by several stars in the field of view of the optical counterpart, and therefore could be totally due to polarizing effect of dust along the line of sight 36 .
In contrast to the case of supernovae (where the overall continuum polarization signal is driven by the shape of the photosphere 37 ), we find that the origin of linear polarization in kilonovae mainly resides in the asymmetric distribution of lanthanide-rich material in the ejecta, resulting in higher line opacities in regions closer to the equatorial plane. This leads to a net polarization sig-nal since radiation from low latitudes is typically depolarized by line interactions while that from higher latitudes is more likely polarized by electron scattering interactions (see inset of Owing to the strong time and frequency dependence of line opacities, the polarization signal is found to vary considerably as a function of both epoch and wavelength (see Fig. 3 ). First, we predict a drop in polarization on short time-scales following the rapid increase of line opacities with time in both lanthanide-free and lanthanide-rich ejecta (due to a rapid temperature drop and neutralization, see Figs. 5-6). At 7000Å, the polarization level along the equator decreases from ∼ 0.8% at 1.5 days (first epoch of AT 2017gfo) to only ∼ 0.1% one day after (second epoch),
becoming negligible at later epochs (see Fig. 3 ). Secondly, the strong wavelength-dependence of line opacities and the presence of two different ejecta components combine to give a maximum polarization signal around 7000Å. Moving to shorter wavelengths (5000Å), depolarizing boundbound transitions become the dominant source of opacities in both ejecta components (see Fig. 5 ) and thus the resulting polarization level is smaller (P 0.1% at all viewing angles). At longer wavelengths (10 000 and 15 000Å), instead, the relative importance of electron scattering to the total opacity increases in the lanthanide-rich ejecta. Compared to the case at 7000Å, some polarizing contributions from the lanthanide-rich ejecta cancel part of the polarizing contributions from the lanthanide-free ejecta , thus biasing the overall polarization signal to smaller values. As a result, our simulations clearly indicate early-time spectropolarimetry in the R band as the best observational strategy to detect polarization in future kilonova events.
Polarization dependence on model parameters
Absolute polarization levels depend on three main parameters that are uncertain and difficult to estimate from both hydrodynamical simulations and the analysis of the spectro-photometric observations of AT 2017gfo: the overall shape of the ejecta, the half-opening angle Φ and the photospheric velocity v ph .
The polarization signal imprinted by the global shape of the ejecta is subdominant compared to that induced by the asymmetric distribution of lanthanide-rich material. Our calculations (see Methods -Simulation results) indicate that ellipsoidal ejecta with axial ratio of 0.75 (i.e. semiminor axis 25 per cent shorter than semi-major axis) and lanthanide-free opacities would produce only P 0.04%, a level which is much lower than those obtained from the asymmetric distribution of lanthanide-rich materials (P ∼ 0.8%, see Fig. 2 and discussion above).
The impact of Φ on the polarization signal is illustrated in Fig. 4 . For observers close to the equatorial plane (cos θ obs 0.2), the maximum polarization signal is reached for Φ = 30 values of polarization might also be dependent on our assumption of a single photosphere. In reality, the different opacities in the two ejecta components correspond to different locations of the photosphere, with the lanthanide-rich region producing photons farther out compared to the lanthanide-free region. We defer a more detailed treatment of the photosphere to a future study (when new hydrodynamical models and observational data will likely clarify the scenario) while stressing that the general polarization behaviours identified in this work are expected to hold.
Constraints on the polarization of AT 2017gfo
Beside predicting polarization signatures for kilonovae, our simulations are also crucial to estimate the intrinsic signal in AT 2017gfo (and future events). As shown in Fig. 3 , the R band polarization level turns out to be negligible at all viewing angles starting from ∼ 2 days after the merger.
The signal detected after ∼ 2 days in AT 2017gfo 5 is therefore dominated by interstellar polarization (ISP), which we estimate to be P dust = (0.49 ± 0.05)%. Reasonably assuming that the ISP is the only source of polarization at late epochs and subtracting it from the one at 1.5 days (see Methods -Upper limits to AT 2017gfo intrinsic polarization), a common procedure in supernova polarimetry [37] [38] [39] , leads to an upper limit on the intrinsic polarization in AT 2017gfo of P < 0.18%
at 95% confidence level. From the comparison between this upper limit and our model predictions in Fig. 2 , we conclude that AT 2017gfo was observed within 65 degrees from the polar axis (cos θ obs 0.4), a constraint that is less restrictive but consistent with previous estimates based on spectral modelling and analysis of the associate short GRB 170817A 7, 40, 41 or on the use of independent distance measurements to break the inclination/distance degeneracy of the GW signal 1, 42 .
From Fig. 4 , we note that the constraints on the inclination of AT 2017gfo are rather insensitive to the specific choice of the half-opening angle of the lanthanide-rich region Φ (for 15
).
Conclusions and future perspectives
In this work we have, for the first time, made quantitative predictions on the expected linear polarization signature from a kilonova produced by the coalescence of a binary NS system. We ) since they are either not expected to have an important effect on the derived polarization signature or their inclusion is still controversial [22] [23] [24] [25] [26] [27] [28] [29] . Nevertheless, as far as polarization is concerned, our simple model proved to be flexible enough to allow us to effectively study the role of several parameters and derive fairly solid general conclusions.
The model disregards the possible polarization contribution from the GRB afterglow since this is negligible during the kilonova evolution 44 . At the same time, however, the analysis of kilonova polarization is one of the best ways to look at the structure of NS-NS mergers from the angles at which we might not expect to see a GRB jet, but only the GW signal.
Kilonova polarization depends on the viewing angle of the source and is also time-and wavelength-dependent. The maximum value should be close to the ∼ 1% level, with some dependence on (as of yet) not fully constrained model parameters such as the angular distribution of the different ejecta and their expansion velocities. The polarization decreases going from equatorial to polar viewing angles θ obs thus providing an independent way to estimate this important parameter, which strongly impacts estimates of true rates from small numbers of detections (e.g. from future sources with less complete datasets than AT 2017gfo). In the case of AT 2017gfo, the viewing angle turns out to be smaller than ∼ 65
• , a value that is less restrictive but consistent with other independent estimates from the literature 1, 7, [40] [41] [42] . The polarization maximum should be detectable roughly in the R band due to the particular wavelength-dependence of bound-bound opacities combined to the presence of two ejecta components. No polarization is expected in the blue part of the optical spectrum as far as the ejecta are composed of r-process elements, regardless of whether or not they include lanthanides. Already two or three days after the GW event, the intrinsic polarization from kilonovae should be virtually zero at any wavelength and viewing angle and this provides a reliable way to subtract the polarization possibly induced by dust along the line of sight. With just one observed event it is hard to evaluate how general the features derived from the observations can be. While a natural event-to-event variability is foreseeable, the general behaviour should anyway follow the results we have described here with some effect on the absolute polarization level.
Polarimetry is one of the most valuable tools for uncovering the dynamics and physics of NS-NS mergers. For instance, detection of non-zero polarization in future events will unambiguously reveal the presence of lanthanide-free ejecta, unveil their spatial distribution -which can not be investigated by any other means -and thus allow us to study the merger dynamics responsible for synthesizing a diversity of r-process elements. At the same time, different results and likely higher polarization degrees are expected for a kilonova generated by the merging of a BH and a NS, where the lanthanide-rich dynamical ejecta are extremely deformed with an axial ratio of ∼ 0.2 20, 21 . This latter case requires a dedicated modelling and will be the target of a future study.
Methods Expectations from hydrodynamical simulations of the binary merger
We adopt models of kilonova ejecta which are motivated by both hydrodynamical simulations and the observed properties of the optical and near-infrared counterparts of GW170817, AT 2017gfo.
By hydrodynamical simulations, it is known that the ejecta from NS mergers have at least two components: (1) dynamical ejecta and (2) post-merger ejecta or disk wind. The first dynamical ejecta is driven by the tidal force as well as the shock heating 22, 23 . By the tidal disruption, the dynamical ejecta tend to be distributed around the equatorial plane. After the dynamical ejection, additional mass is ejected from the torus around the central object [24] [25] [26] [27] . The electron fraction Y e is an important parameter to determine the nucleosynthetic outcomes of the ejecta components.
Because the shock heating tends to increase the value of Y e , the dynamical ejecta can have broad distribution of Y e . The post-merger ejecta can have higher Y e , due to the irradiation from a neutron star at the center, although the exact Y e depends on the life time of a remnant neutron star 28, 29 . In general, polar regions have higher Y e . The mass, Y e , and distribution of Y e in two components may vary according to the total mass and mass ratio of the merger.
If the ejecta include a substantial fraction of lanthanide elements, the kilonova emission would be faint and red due to the high opacities of lanthanides [13] [14] [15] . However, if the electron fraction is as high as Y e > 0.25, production of lanthanide elements is suppressed 19, 28, 45 . Thus, the ejecta that consist only of such high Y e material produce brighter and bluer emission. Therefore, the dynamical ejecta tend to give a faint, red kilonova while the post-merger ejecta are able to produce a bright, blue kilonova if the effects of neutrino irradiation is strong enough. It is noted that these connections may be too simple and an interplay between two components is also important 45 , although in the present work we preferred to keep the scenario as simple as possible without introducing poorly constrained features.
Parameters for GW170817
Multiple ejecta components have also been confirmed in AT 2017gfo. The observed light curves can be interpreted by the combination of the blue and red components 18, 46 . The mass of each component is estimated to be ∼ 0.01 − 0.05 M . Since the line of sight for GW170817 is 30
• from the pole 1, 7, [40] [41] [42] , the blue component should exist in the polar direction without being fully absorbed by the lanthanide-rich ejecta. This is consistent with the expectations from simulations , which is higher than the expectation from post-merger ejecta 24, 27, 30 .
Also, the observed red component requires a mass [31] [32] [33] larger than the typical mass from the dynamical mass ejection in the simulations 22 .
Our model: densities, opacities and velocities
Motivated by the simulations and the observations of AT 2017gfo, we adopt a simple model to calculate the polarization signals. The ejecta are assumed to be in homologous (free) expansion,
i.e. material moving at velocity v is located at a radius r = v t at any given time t. This is a safe assumption for kilonovae already a few seconds after the merger. The whole ejecta have M ej = 0.03 M with a density structure of r Opacity calculations for lanthanide-rich and lanthanide-free ejecta
We calculate wavelength-dependent opacities for our fiducial model using the time-dependent radiation transfer code 15, 19 . For lanthanide-rich ejecta as expected in the dynamical ejecta, we use the mass distribution of elements by evenly averaging the nucleosynthesis outcomes from Y e = 0.1
to Y e = 0.4. This approximates results of numerical simulations 19 . Although the range includes a high Y e , the final abundances include a large fraction of lanthanides (∼ 9% in mass fraction). In the lanthanide-rich material, most of the opacity comes from singly or doubly ionized lanthanide
elements with an open f-shell. In particular, the most important bound-bound transitions are those from low-lying ( 5 eV) energy levels. For the lanthanide-free ejecta, we use element abundances from nucleosynthesis calculations with Y e = 0.3 since the exact distribution of Y e in the disk ejecta has uncertainties. Since the radial variation of the opacities is not strong above the photosphere, we simply use the opacities at the photosphere. On the other hand, the time evolution is quite strong reflecting a rapid change in the ionization states, and thus we use corresponding time snapshots for polarization calculations. Opacities at epochs corresponding to polarimetric observations of AT 2017gfo (1.5, 2.5, 3.5 and 5.5 days) are shown in Fig. 5 . In particular, bound-bound opacities are averaged over a range of ∆λ = 500Å centered at the desired wavelength (see Fig. 6 ). Using this set of opacities, the polarization signals are calculated in a certain wavelength as a post process (see Methods -Polarization simulations).
Polarization simulations
The three-dimensional Monte Carlo radiative transfer code POSSIS (POlarization Spectral Synthesis In Supernovae) has been used in the past to model polarization spectra of Type Ia supernovae 34, 35 and superluminous supernovae 48 . Here we extend its application to predict polarization signatures of kilonovae. POSSIS adopts the description of the polarization state by the Stokes parameters I, Q, U , where I is the total intensity and Q and U describe the linear polarization (the Stokes parameter describing circular polarization, V , is neglected in this work). Monte Carlo photon packets are created unpolarized (Q = U = 0) on the spherical photosphere and emitted assuming constant surface brightness. Each photon packet streams freely throughout the ejecta until it undergoes either a Thomson (electron) scattering or a bound-bound line transition. Bound-free and freefree transitions are neglected as their opacities at epochs and wavelengths considered in this study are between ∼ 5 and 12 orders of magnitudes smaller than electron scattering and bound-bound opacities. Thomson scattering is assumed to partially polarize the radiation, while bound-bound transitions are regarded as depolarizing contributions, a computational choice usually adopted in the literature 49 . If an electron scattering event is selected 50 , a new direction is sampled from the dipole Thomson scattering matrix and the Stokes parameters I, Q and U of the packet transformed accordingly 51, 52 . If a line interaction is selected, the packet is instead re-emitted in a random direction with no polarization (Q = U = 0). To compute polarization signals for different viewing angles, we use the "event-based technique" (EBT) described in 34 as this technique leads to a substantial reduction in the Monte Carlo noise compared to a direct-binning approach more usually adopted in Monte Carlo simulations. We note that rather smooth flux spectra as those observed in AT 2017gfo 9 do not preclude rich polarization spectra 53 . However, opacity data used here (and in state-of-the-art simulations) are constructed from a few number atomic species, preventing us to predict reliable polarization spectra and draw any firm conclusion about polarization connected to individual line transitions.
Simulation results
In general, null polarization is predicted for spherical ejecta as each polarizing contribution is cancelled by another contribution one quadrant away 37 . A net polarization signal can be reflecting either (i) an ejecta morphology departing from circular symmetry in projection or (ii) a nonhomogeneous asymmetric opacity distribution within the whole ejecta. To explore (i), we compute polarization signatures at 7000Å for an ellipsoidal model with axial ratio 0.75 (in the range of the-oretical expectations 22 ) and an homogeneous distribution of lanthanide-free opacities within the whole ejecta. When viewed from the equatorial plane, this system is associated with a polarization of P 1 = 0.04%. Moving towards the pole, the ellipsoids become closer and closer to circular in projection and thus the predicted polarization levels becomes increasingly closer to zero. The predicted polarization levels are almost negligible due to the combination of small electron scattering opacities and of bound-bound line opacities of the same order (κ bb ∼ κ es ∼ 0.008 cm
). For a comparison, polarization levels of ∼ 2% are predicted in supernova ellipsoidal models with same axial ratio, higher electron-scattering opacities and no line opacities 54 . Polarization levels similar to the one at 7000Å (P ∼ P 1 ∼ 0.04%) are predicted at both 10 000 and 15 000Å, while increasingly smaller signals are found moving to shorter wavelengths (P ∼ 0.005% at 5000Å). To explore (ii), we calculate polarization signatures at 7000Å for a spherical model with lanthaniderich opacities distributed around the equator (half-opening angle Φ = 30
• ) and lanthanide-free opacities in the rest of the ejecta (see Fig. 1 ). Due to the asymmetric opacity distribution shown lanthanide-rich regions), the net polarization is no longer null as expected from spherical models but reaches values of P 2 = 0.76% 1.5 days after the merger for an equatorial orientation. Since P 2 >> P 1 , we conclude that the main source of polarization in kilonovae is given by the asymmetric distribution of lanthanide-rich material in the ejecta. For simplicity, the models presented in this study thus assume spherical ejecta.
Because radiation from the lanthanide-rich component is more likely to be depolarized by a line interaction before leaving the ejecta, most of the polarizing contributions to the signal come from regions at relatively high latitudes (i.e. closer to the poles). As shown in the inset of The wavelength-dependence of the polarization signal at 1.5 days after the merger is shown in Fig. 3 . In general, moving to both shorter and longer wavelengths than 7000Å results into smaller polarization levels. This is due to the combination of wavelength-dependent bound-bound opacities and the presence of two ejecta components. At shorter wavelengths (5000Å), boundbound transitions become the dominant opacity source in both lanthanide-free (κ Therefore, the rapid increase in bound-bound opacities -and the small change in electron scattering opacities -in both ejecta components (see Fig. 6 ) causes a very fast decrease in polarization between 1.5 and 2.5 d from the merger (i.e. the first two epochs of polarimetric observations of AT 2017gfo). This is shown in Fig. 3 , where the polarization along the equator at 7000Å changes from P ∼ 0.8% at 1.5 day to P ∼ 0.1% at 2.5 day. Later on, the polarization signal becomes negligible (κ 
Comparison with previous polarimetric studies
Polarization signatures for similar geometries have been predicted in previous stellar 57, 58 and supernova 34, 59, 60 studies. The qualitative polarization behaviours identified in these works bear strong similarities to those found in our simulations. First, a polarization decrease to zero with increasing inclination (see Fig. 2 ) is predicted by previous studies adopting similar axisymmetric morphologies (see e.g. fig. 5b ). Moreover, the temporal evolution of polarization seen in Fig. 3 is in qualitative agreement with that predicted by axisymmetric supernova models although over different time-scales (see e.g. fig. 16 of   34 ). Finally, the smaller polarization levels found at 5000 compared to 7000Å (see Fig. 3 ) are reminiscent of those predicted in Type Ia supernova models and usually ascribed to the increasing importance of depolarizing bound-bound transitions when moving from longer to shorter optical wavelengths 61, 62 .
Differences in the adopted morphologies, opacities and densities make quantitative comparisons between polarization levels from our simulations and those from the literature difficult. For instance, studies like 57, 58 neglect bound-bound opacities and focus on continuum processes by predicting the polarization signals as a function of the albedo a = κ es /κ tot = κ es /(κ es + κ bf + κ ff ),
where κ bf and κ ff are the bound-free and free-free opacities, respectively. In contrast, bound-free and free-free opacities are neglected in our simulations and the albedo computed as κ es /(κ es +κ bb ).
More importantly, previous studies remove photons undergoing either bound-free or free-free interactions from the simulations. In contrast, no sink is introduced in our calculations and photons undergoing bound-bound interactions are re-emitted isotropically and with no polarization. The different choices in the opacity sources and treatments make a significant impact on the predicted polarization levels.
Although a full quantitative comparison is beyond the scope of this study, we note that polarization percentages predicted here are in the same range found by previous works. For instance, our simulations adopt albedo of ∼ 0 and ∼ 0.5 at 1.5 days and at 7000Å in the lanthanide-rich and lanthanide-free ejecta, respectively (see Methods -Simulation results). The resulting polarization level of ∼ 0.8 % for an equatorial viewing angle (see Fig. 2 ) is within the range of ∼ 0.2 − 1.5 % predicted by 58 for albedo between 0.1 and 0.5 (see their fig. 5b ).
Upper limits to AT 2017gfo intrinsic polarization
The results of the polarimetric campaign carried out for AT 2017gfo are reported in 5 . In spite of the fair signal-to-noise obtained with the observations, the main limitation to the derived upper limits, P < 0.4−0.5 %, is due to the effect of polarization induced by dust along the line of sight in both our and the host galaxy 36 . In fact, observation of stars in the field of view showed polarization from virtually zero up to ∼ 0.7 %. The polarization derived for AT 2017gfo during the first epoch (∼ 1.5 days after the event) is consistent with this value, while at later epoch only upper limits were obtained. Following a strategy already applied for supernova spectro-polarimetric observations (e.g. 38, 39 ), it is possible to derive a much better estimate for the first epoch polarization. According to the results of our analysis (see Polarization), the R band flux from the kilonova is completely non polarized for any viewing direction at epochs later than 2 − 3 days, due to the high line opacity of the emitting material. Therefore, by a weighted average of the results of the observations in the R band at all epochs but the first we can obtain a solid estimate of the polarization induced by any dust along the line of sight. Using data reported in Tables 1 and 2 , to an upper limit of P < 0.18% at 95% confidence level.
Code availability. The radiative transfer code POSSIS used in this work is not publicly avail- 
